Classical Molecular Dynamics Simulation
Standard classical MD simulations were used to set up and equilibrate the system for the E203 side chain rotation studies and subsequent MS-EVB simulations of the explicit proton transport (PT) behavior. These simulations were based on a 2.5 Å resolution X-ray structure of ClC-ec1 (PDB entry 1OTS) (1) . Ninety-five crystal waters and four bound Cl -ions were preserved. The ionization states of titratable residues were based on a previous study, in which the pKa shifts were determined with the PoissonBoltzmann method (2) . To be specific, default protonation states were used except for Glu113 in both monomers and Asp417 in monomer A. The OE2 atoms (nomenclature from PDB entry 1OTS) of Glu113 and Glu203 are only 2.5 Å apart, with Glu203 forming an ion pair with Arg28 via the OE1 atom. This seemingly unfavorable charge configuration is not balanced by the protein environment, as Glu113 is surrounded by hydrophobic residues, except for Glu203, and lacks any direct interaction with positively charged side chains. Large pKa shifts were found for Glu113 in both monomers. Asp417 is located at the dimer interface on the extracellular side of the membrane, and interacts primarily with its counterpart in the adjacent subunit. Their OE2 atoms are only 4 Å apart and appear to favor the protonated state at neutral pH. As elaborated upon by those authors, the pKa shifts are induced by the interaction with each other, so it is unlikely that both side chains will be protonated at a given time. The neutral state was therefore used for Asp417 only in monomer A.
The protein was initially hydrated with the DOWSER program (3). In the application of DOWSER to the crystal structure, bound Cl -ions were excluded from the structure of the protein for lack of empirical parameters for the ion as required by the program. DOWSER therefore predicted a water molecule at both the central and internal binding sites of the Cl -ions, but in subsequent MD simulations these binding sites were made to be occupied by Cl -ions as in the crystal structure. A 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) lipid bilayer was generated from an equilibrated 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) lipid bilayer (4) . Thirteen Cl -ions were added to the bulk water to neutralize the system charge. The resulting system consisted of one ClC-ec1 dimer, 17 Cl -ions, 163 POPE molecules, and 10,964 water molecules for a total of 66,891 atoms. All of the standard MD simulations were performed with the NAMD molecular dynamics package (5), the CHARMM27 force field (6, 7) , and the TIP3P water model under periodic boundary conditions in the isothermic, isobaric ensemble with a temperature of 310 K and pressure of 1 atm. Long-ranged electrostatic interactions were treated with the Particle Mesh Ewald (PME) method (8) . The cutoff for both the Lennard-Jones and real space Coulomb interactions was 10 Å. The system was equilibrated for 7 ns at 310 K, and the root-mean-square deviation (RMSD) of the backbone atoms was converged to 2.0 Å after 5 ns of simulation. The Cl -ions in the internal sites diffused out of the pore during equilibration, while the central Cl -ions remained in their binding sites. The behavior of the internal Cl -anion may be an artifact of the MD forcefield (e.g., a more realistic electronically polarizable chloride anion might stay bound in the central binding site for a longer, or even the entire, duration of the MD simulations).
Reduced MS-EVB System and PT Free Energy Calculations
The full system was reduced from the final configuration of the standard MD simulation described in the previous section by removing lipids and those water molecules > 4 Å distant from the protein surfaces. The Cl -ions added to the bulk water were preserved to keep the system neutral. The reduced system consisted of one protein dimer, 17 Cl -ions, and 1938 water molecules for a total of 19440 atoms. To avoid large scale deformation, those α-carbon atoms with a distance to the water-mediated pathway > 5 Å were tethered to their equilibrated position from the standard MD simulations using a harmonic potential with a force constant of 1 kcal/mol per Å 2 . A total of 436 out of 444 α-carbons in monomer A and all α-carbons in monomer B were tethered. Such tethering can keep the reduced protein structure intact while still allowing thermal fluctuations of the protein atoms. Tethering and removal of solvent did not alter the local environment for the PT through the water-mediated pathway, and therefore had a minimal effect on the MS-EVB results. The MS-EVB simulations were carried out under constant volume and temperature. All of the other simulation conditions were the same as in the standard MD simulation used for the system set-up.
The free energy profile for the PT through the water-mediated pathway was calculated with umbrella sampling. Due to the delocalized nature of the charge defect associated with the excess hydrated proton, its position was described by the center of is the three-dimensional location vector of the center of excess protonic charge in the MS-EVB state i and c i 2 is the EVB amplitude for that state. The charge defect (net unit positive charge) arising from the excess proton will propagate along the hydrogen-bonded network via Grotthuss hopping. The free energy profile (PMF) for that PT process was constructed from a series of umbrella sampling windows at an interval of 0.5 Å. For each window, the excess proton CEC was restrained with umbrella potential, and a force constant of 30 kcal/mol per Å 2 was used for that restraint potential. Each umbrella MD simulation consisted of 200-300 ps of equilibration followed by 400-600 ps of production simulation. The probability distribution was generated by combining the statistics from each window with the weighted histogram analysis method (WHAM). The free energy profile for the PT in the E203V mutant was calculated in a way similar to the wild-type protein. 
Supplemental Figures

Figure S3:
Free energy profile (PMF) for the PT through the transient water-mediated pathway calculated with the internal Cl -ion restrained to its binding site (solid line). The PMF calculated with no Cl -ion in the internal binding site is also shown for comparison (dashed line). A barrier height of ∼ 2 kcal/mol for the proton to move from the side of Glu203 to the side of Glu148 is found in both cases. The error bars are shown in the plots. Tables   Table S1: Water-protein and water-water interaction energies calculated for the water configurations shown in Fig. S1 . The average interaction energy is the total water-protein and water-water interaction energies divided by the number of water molecules placed in the crevices and cavities.
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Lifetimes of the Transient Water Configurations
It is of interest to determine how long the proposed transient water configurations can exist within the ClC-ec1 protein. Of particular interest is the four-water and sevenwater configurations, so the lifetimes of these configurations were estimated. Ten MD simulations were performed, each of 4.5 ns duration, starting from the configurations shown in Fig. S1E and Fig. S1H , respectively. In the case of four water molecules, it was found in four out of ten trajectories that one water molecule escaped during simulation. In the other six trajectories, all four water molecules remained in the cavities and crevices spanning between Glu148 and Thr407, but the fluctuations of molecules were large and transitions were observed between the two low-energy configurations shown in Fig. S1E and Fig. S1F . In one of the trajectories, a water molecule was seen to diffuse into the cavities and crevices from the intracellular side of the membrane. The lifetime of the four-water configuration was estimated by averaging over the lifetime of the configurations from individual trajectories. The four-water configurations shown in Fig.  S1E and Fig. S1F were not differentiated. The average lifetime of the four-water configuration was thus estimated to be 3.7 ns. Similarly, the lifetime of the seven-water configuration was estimated to be 1.4 ns. In the case of seven water molecules, the continuous water wire often broke into two water clusters, with one on the side of the central Cl -and Glu148, and the other on the side of Thr407 and Glu202, before the latter escaped to the intracellular side of the membrane. In most of the trajectories, the sevenwater configuration turned into three-or four-water configurations, emphasizing the concept that the proposed water configurations are indeed transient in nature.
